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Abstract

In recent years, X-ray crystallography has been extensively employed to study solid-state reactions. It is found
that the initiation and progress of many of these reactions is governed by structural and geometric factors. Such
reactions are known as topochemical reactions. While, in general, solid-state reactions take place in poly-
crystalline samples, some are known to occur in single crystals without a breakdown of the lattice. The reason
for this is the close similarity in the reactant and product structures. These reactions are termed topotactic re-
actions. In this brief review, a few examples of topochemical and topotactic reactions are discussed, and the
important role of crystallography in elucidating their mechanism highlighted.

Key words: Solid-state reactions. topochemical reaction, topotactic reaction, X-ray crystallography. reaction
mechanism.

l. Introduction

In recent years, there has been an upsurge of interest in the study of solid-:sta!e reactions.
While a variety of sophisticated experimental techniques like thermo-analytical techniques.
spectroscopy, high-resolution electron microscopy, etc.. have been cmploy!ed, X-ray
crystallography has been found to be a potent tool to understand the mechanism of the

reaction at the atomic or molecular level.

[t is now realised that the initiation and progress of many solid-state reactions 1§
governed by the constraints imposed by the crystal lattice, where atoms and mt:)lecules
are located in relatively fixed positions. Consequently, structural and gc::qmetr;css s:::
meters such as packing and orientation of the reactant molecules, cor:nfnfmatmrl ionificam
tuent groups, short contacts between potentially reacting centres play a "‘?"3{_‘ g\_ oceur-
role, in contrast to electronic and dipolar effects which are important in reac :;"f]f G s
ring in solution. This leads, sometimes, to formation of products which are ditlicu

i ' hy, Jammu, Oct.
* Updated version of an invited talk delivered at the XVIII National Seminar on Crystallography

1%6. 277



H. MANOHAR
278

1y impossible to prepare by conventional methods. 'n some cases the rate of gy,
virtually 1 Ph <olid is much faster than in solution, a fact which is not easy to
i mdt ’[?hese reactions are kKnown as topochemical reactions. Many organic solid-
C?TEP::::SQ;!S thermally induced as well as photochemical, have been identified ¢, be
sta *

topochemically controlled. | |

d-state reactions take place in microcrystalline (powdered) samples,
s are known to occur in single crystals; i.e.. a single crysta} of the
to a single crystal of the product as a pseudo-morph, without
change in external shape. "_l'l?e conversipn talfes placg In thf: emir:e Ivolurpe of the crysta
and there exist certain definite three-dimensional or!entatlon relationships be‘lween the
reactant and product lattices. The reason why there is no break up of th(? lattice in sych
cases is due to small or negligible movement of atoms about lattice points because of
close similarity or a relationship between th‘e respective structures. (Some cases are
known where the product is not exactly a smgle crystal, but an aggregate of micro-
crystallites oriented in certain preferred directions. l::iven here it has been possible to
determine the orientation relationships). Such reactions are termed as topotactic re-
actions'. Topotaxy has been observed in a variety of reactions such as polymorphic
transformations, oxidations, dehydrations, decompositions, etc., both in inorganic as
well as organic compounds. In this brief review. a few representative examples of topo-
chemical and topotactic reactions, including work done in the author’s laboratory, will
be presented. It will be shown how these studies have thrown light on the mechanisms of
the reactions. It may be added here that the choice of examples is necessarily dictated by
the author’s own personal preferences and his research interests. Excellent reviews on
both the topics are available in the literature (see. for example. references 210 for topo-
chemical reactions and 11-17 for topotactic reactions).

Generally sol
However, some reaction
reactant 1S converted In

2. Topochemical principles

Pioneering work in the area of topochemical reactions was done by Gerhardt Schmidt in
the 1950s and 1960s on the photodimerization of substituted cinnamic acids to give cyclo-
!:)utat}e derivatives'®. While in solution. the trans-cinnamic acids are either photo-
'"3‘:‘_"“‘3‘ or yield mixtures of various possible stereo-isomers, in the solid state stereo-
specific products were obtained depending on the crystal packing. Based on these results
he enunciated the topochemical principles governing such reactions:

andReacml-?S In the solid state occur with a minimum of atomic or molecular movements
= are thus governed Dy the structures of the starting materials. For the reaction [0
ur. potentially reacting centres must be suitably oriented with a separation of 00!

::gg:;let;l)‘lan ca. 4.2 A (ThIS ﬁgure was arrived at on the basis of a number of experimemal

These principles have been v
many sohd-state reactions.
Structures and a new branch
trying to obtain topochemic

- . . 1 f
cry useful in predicting and understanding the courSf-‘ 0|
Attention has subsequently shifted to the control of crysta

- s " '. h
of the subject, ‘crystal engineering’, which 18 conjcernt?f_j wtllile
al control in systematic ways has come into being". Agal"
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possibility of ziiccomplishi.ng asymmetric syntheses by performing solid-st: ‘

molecules which are optically inactive in solution, but which f(%rn? lh-'Stdte' RaRHons.On
has opcne.d. up New perspectives in organic chemistry'* 2" Howev chiral sfmgle Crys'tals
these exciting developments which are outside the SCO.PE of th?:[;i’::” not go into

3. Thermally induced acyl migration from O- to N-position in salicylamides
O-acetyl salicylamide(la) is known to rearrange irreversibly to N | ]
cvlamide(1la) under a variety of conditions. both in solution azd in th;acetlyd e
(Scheme l)_; The reaction was studied earlier by spectroscopic as well as thermzz l' l St'atfi
techniques™'. but no crystallographic work has been done. We decided to exan':?nznt?
crystal structures to see 1f they can throw some light on this interesting reaction Subei
sequently the work was extended to the benzoyl(b) and propionyl(c) derivatives.

The cryst:;n_! structures of the reactants as well as products in all the three cases have
been solved™=*. The molecular structure of I(a) is shown in fig. 1. The reaction may be
viewed as a nucleophilic addition at the carbonyl carbon atom, C(8), the nucleophile
being the amide nitrogen, N(1). with a lone pair of electrons™. The main step in the re-
action is the bond formation between C(8) and N(1). Therefore. according to the topo-
chemical principles. the following parameters in the reactant molecules are of relevance:
(i) Conformations of the amide and acyl groups, which should be such that the reacting
centres are suitably aligned to favour the reaction; (ii) The contact distance C(8) .. N(1).
which should be favourable for bond formation; (iii) The angle N(1) ... C(8)-O0(3). (a).
representing the direction of the nucleophile, which should be ca. 109°: (iv) The angle
C(7)-N(1)...C(8). («'). which should be ca 90°, if the lone pair on N (1) points towards
C(8). These parameters. both in the intramolecular as well as intermolecular case, for
compounds la, Ib and lc, are given in Tables I and Il

In the case of 1(a), both the inter- as well as intramolecular contacts are within the
range in which topochemical criteria apply; however, the intramolecular distance is the
shortest. This fact, together with a consideration of the values of the corresponding
angles, a and o', suggests that an intramolecular mechanism is favoured. In the other
two cases, I(b) and I(c), however, there 1s stronger support for this mechanism, as the
intermolecular contacts are all greater than 5.0 A. It may be added that the p::oduct
structures (Ila.b and ¢) are quite different and apparently do not play any role in the
reaction.

4. Methyl migration in methyl p-dimethylaminobenzenesulphonate

thyl p-dimethylaminobenzenesulphonate(MSE) in a
d on standing at room temperature even for
< or more rapidly at higher
ymonium benzene sulphonate
was that the rate of the re-

It was reported that solutions of me
varicty of solvents remained unchange
months2*, However. in the solid under these condition
temperatures, MSE was cleanly converted to p-trimethylan
Zwitterion (ZWT) (Scheme 11). Another interesting feature
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Scheme |

arrangement studied by NMR. increases at higher temperatures, but this is true only fo
temperatures below the melting point of MSE. Melting introduces a sharp decrea:e ir
the rate of conversion. It was found that the crystal reacts 25 to 40 times faster than thz

melt.

There are two general mechanisms for this interesting reaction. One is a simple i
molecular shift of the ester methyl to the dimethylamino group. While this is apt ”'“;a.
_fonve!rd process, it would involve very severe molecular distortion. The other altS -
is an intermolecular chain reaction or at least a dimeric process or some variati o ik
m}ermolecular theme. This basic question was answered by Bergmann and ci\:ron}?n ﬂt])ls
a ‘double label scrambling experiment’ using field desorption mass '.ﬁ‘»lz‘f:clmrn::}t!l-')’er'i‘hzr

0(1)
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T aen ™ T e Table II
Dihedral angles (°) of substituent Structural . .
groups with the benzene ring in - parameters in OQ-acylsalicyl-

O-acylsalicylamides
-_

I(a I(b
[(a) I(b) I(c) B ) b )
= Intramolecular
Amide group 399 379 322 C(8)...N(1) (A
(~CONH,) - ) (A) 101:-37 353 3.34
Acyl group 78.1 934 933 i - 116.1 110.6
(-COR) a'(°) 81.1 794 8.5
Intermolecular
C(8)...N(1) (A) 3.88,391 — —
a(’) 1325,684 —  —
a’ () 111.0, 1060 —  —

results indicated the intermolecularity of the reaction. Conclusive proof for this mecha-
nism was provided by the crystal structure of MSE.

A view of the stacking along one chain of molecules in the crystal perpendicular to the
(101) plane (fig. 2) 1s very revealing. The molecules stack with alternating dimethyl-
amino and sulfonate groups one exactly above the other and with aromatic rings inclined
ca. 76° to each other. Each nitrogen is in alignment with a sulfonate ester methyl group;
N...Cisonly3.54 A and O(1)-C(9)...N angle is 147°, close to the linear arrangement
required for nucleophilic substitution in a bimolecular reaction. The system can, there-
fore, readily transfer each ester methyl group to its neighbouring N atom. Thus the pack-
ing of the molecules in the crystal and the relative orientation of the reactive sites are
such as to facilitate the proposed chain-reaction mechanism. This result may be contras-
ted with the previous case, where an intramolecular mechanism was proposed.

5. Photochemical oxidation of thioketones in the crystalline state

The ab:)ve two are examples of thermally induced rearrangements. We will next deal
with a photochemically induced oxidation reaction.

CHa 0
| | X _@_So_
N“—<C)—S---—()--—-CH3 —> (CHy 3 N 3
| |
CH3 0

MSE ZWT
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FiG. 2. A view of the stacking along one chain of
molecules in crystals of methyl p-dimethyl-
aminobenzenesulphonate (MSE). as seen perpendi-

cular to (101) plane (reprinted from ref. 25 with
permission).

: qdes
Thioketones, in general, are readily oxidized in solution to the corrBSPOQd‘",g S'O;f;.
and/or ketones upon exposure to visible light. The rate and product distribution o'n e
dation are controlled by their inherent electronic and steric properties. However, l'unaﬂ
crystalline state, among the large number of diaryl thioketones investigated bY A;]_;'-di-
et al only a few underwent photo-oxidation®®. For example, in Table 111 while -;nthf
methoxythiobenzophenone (5) is most reactive in solution. surprisingly. It is stablc’



STRUCTURAL ASPECTS OF SOLID STATE REACTIONS

283
Table IlI .
Photooxidation of some diaryl thioketones in the solid state and their crystal properties®
—— e -
Crystal Duration of Nature of Crystal data Channel  Cross-sectional
studied irradiation reaction axis area of channclr
(days) (A?)
in solu- in solid
tion state
(l) 1 Yes Yes le!n‘ a= 14.042, b= 5.863. b Q
c=13.402 A, B=106.4°, Z=4
(i) 30 Yes No PT. a=9.810, b= 9635,
c=15.015 A, a=79.11,
B=102.30, y=107.76°, Z=4
(g) 30 Yes No P2,fc. a= 17029, b=67%, b 2.3
=14.629 A. B=113.5°, Z=4
(Z) 17 Yes Yes P212, 21 , A= 5.873, b= 13.677, a 8.3

c=15668 A, Z=4

e e e

crystal. Single crystal X-ray analyses of some of the thioketones were, therefore, under-
taken and an attempt was made to understand the reactivity patterns of these
compounds in terms of their molecular packing. Four of the thioketones investigated are
shown in fig. 3 and their crystal properties are tabulated in Table I1I (the X-ray structure
of 1 had been solved earlier). Of these four, 1 and 7 are photo-oxidisable while 5 and 6
are nert.

A comparison of the molecular packing of the thioketones{figs 4 and 5) is quite revﬁ:aling
in rationalising their photo-reactivity in the solid state. It may be observed from .flg. 4
that in reactive thioketones there is a channel along the shortest crystallographic axis
with the thiocarbonyl chromophore directed along the channel. Further, the §...S5
intermolecular distances between adjacent planes in all these cases are < 3.9 A. On the
other hand. in the case of stable thioketones (fig. 5). the packing arrangement does not
reveal such a channel along any of the crystaliographic axes. Further, the S s ? contacl:
distances between adjacent layers are 4 83 and 6.05 A for 5 aqd 6, respecnvehy, mlllc_S
larger than in reactive thioketones. Thus it may be hypothesized that the channel 1

S

R’ |(|; R
/CH3 z

[ = b = i ' . . =
“R=R"=H; 5: R=R" =0CHy; & R=N_.

| 26 with permission).
Fi. 3. Some thioketones investigated in the solld statc (reprinted from ref pe
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Fic. 4. The molecular crystal packing of reactive thioketones. 1 and 7. (a) 1, view along b axis, (b) 7. view
along a axis (reprinted from ref. 26 with permission).
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1G. 5. The molecular crystal i : : 124
: _ Packing of unreactive thioket : axis. (b) 8. V1€
along b axis (reprinted with permission from ref. ;)e A a———
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essential for oxygen to diffuse into the crystal and effect oxidation. The cros '

areas of the c!lan{lels were next calculated (Table 111). For the unre‘active thioi-sfcnona]
and 6. there 1s e:t_her no channel (5) or it is too smal (=23 A for 6). On ti:[:;? .
hand. for the reactive thioketones. 1 and 7, the channel cross-sectional ;réa is fairly large;

(> 8.3 A). Fl:o.m the nature of the packing modes it was also o
reaction is initiated on (010) and (100) faces for (1) and (7) rezg;s:i?;d that the

On the basis of the above results a simple mechanism has been proposed for the oxid
tion of thioketones in the solid state®®. This involves attack of oxygen at the exoms a(;
excited-thiocarbonyl chromophore at the crystal surface to form a monolayer g;) t?]e
carbonyl compound. A disorientation of the reacted layer takes place so as to allow the
oxygen to diffuse into the next layer where the process 1s repeated. Thus, apart from the
requirement of a thiocarbonyl chromophore at the crystal surface. it is also necessary

that the thiocarbonyl groups are so arranged that the oxidation of one molecule exposes
another close neighbour to an oxygen molecule.

There are several examples of solid-state reactions which seemingly contravene topo-
- chemical principlesz"'. For example. in some reactant crystal structures, dimers are
formed even though the molecules do not approach to within the critical distance necessary
for photodimerisation. Sometimes products other than those predicted by topochemical
arguments are formed. We will not go into the details here, except to point out that the
general consensus is that structural imperfections pldy a dominant role in these non-
topochemical reactions.

6. Early work on topotactic reactions

Pioneering work was done by Bernal and coworkers in the 1950s in the iron oxide
system?®?®. For example, wustite(FeO), magnetite (Fe;0,), and maghemite (y-
Fe,05), all of which have structures based on cubic-close packing of oxide 10ns, can be
inter-converted by heating in suitable atmospheres. X-ray studies showed that the direc-
tions of the crystallographic axes in these oxides do not change during the reactions,
which proceed by addition or removal of oxygen layers and appropriate migration of
cations. Considerable work has also been done on the hydroxides, oxide hydroxides and
silicates of small cations like iron, aluminium and magnesium"". The arrangement of
anions in many of these compounds approximates either cubic-or hexagonal-close pack-
ing. The observed orientation relationships were always such as to allow the best
possible fit between the close-packed planes of starting material and the I.m}(il.m'f
Among the other early workers in the area of inorganic oxycompouglds t:mc names o

Feitknecht®"32, Brindley'?, Taylor'' and Mackay?® stand out prominently.

7. Oxidation of valentinite, Sb,03, to cervantite, Sb;Oq

in antimony trioxide, Sb,0;, a
ratory that a single crystal of the
d to a single crystal of the

During studies on the polymorphic transform?tion
serendipitous discovery was made in the author's labo N
orthorhombic form of Sb;Os, valentinite, could be oxidise
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higher oxide cervantite. Sb,0,>. Further studies, described below, showed that this

ing example of a topotactic reaction. Valentinite belongs to the

oxidation is an interesti _ .
centrosymmetric orthorhombic space group Pcen. Its structure, determined many years

ago by Buerger and Hendricks** and subsequently refined by Sven§sor?35, consists of
infinite chains of Sb,; O groups extending along [(}01],_ alternate chains in the ynjt cell
running antiparallel. Within the chains, each Sb(lII) is bonded to three O_ atoms-and
each O to two Sb atoms. There are also weak bonds between Sb of one chain and Q of
the neighbouring chain. Cervantite belongs to the nonc‘ent'rosymmet‘nc orthorhombjc
space group Pc2;n. In the crystal structure, each Sb(V) is linked to six O atoms at the
corners of a distorted octahedron®. These SbOs groups share edges and form corrugate
sheets parallel to (010). Adjacent sheets are joined th::ough Sb(III) atoms, which have 5
one-sided four-fold coordination of O atoms. Projections of the two structures down g

and ¢ axes are given in figs 6 and 7.

Heating of single crystals of valentinite in air around 490°C for more than 8 hours
resulted in complete conversion to cervantite. However, by heating for a shorter period,
ca 4 h, a ‘*hybrid’ crystal containing both phases could be obtained. From an analysis of
the rotation and Weissenberg photographs of the latter, it was established that the three
crystallographic axes of the reactant and product are individually paralel®’. That s,
Byat|| @cerv s Batl| Beerv @Nd Cuat|{ Ceery - The near equality of corresponding cell parameters

may be noted in Table V.

The close relationship between the two structures could be deduced by comparing the
projections down a and ¢ axes in the appropriate orientations as shown in figs 6 and 7.
[t can be seen that the relative positions of the atoms belonging to the Sb, O groups are
almost identical in the two structures. One such group, designated Sb(1), O(2), Sb(3),
0(4), Sb(5), O(6). Sb(7), O(8), O(9) and O(10) in valentinite (figs 6a and 7a), is clear-
ly seen tn both the projections of cervantite (figs 6b and 7b). The only additional O
atoms in cervantite are O(11) and O(12). As fig. 7 clearly shows, these O atoms have
taken up positions along the empty channels present between neighbouring chains in the
valenu{ute structure. Each O atom bridges two Sb atoms of neighbouring chains along
[100] direction. This together with a closing up of chains along [010] results in the chain
structure of valentinite being converted to the three-dimensional structure of cervantite.

@® Antimony (v) @ Antimony (iii) O Oxygen

Fic. 6. [100] Projectio -
Jections of (a) valentinite and (b} cervantite (reprinted with permission from ref. 33).
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(al (b)
Fic. 7. [001] Projections of (a) valentinite and (b) cervantite (reprinted from ref. 33 with permission).

The reduction of cervantite to valentinite has also been shown to take place topotacti-

cally. Thus, perhaps for the first time ever, a one-to-one correspondence of atomic posi-
tions in the two structures could be established. In fact, the shifts of the individual atoms
of valentinite in the course of the reaction (< 0.64 A) have also been calculated™.

The structural studies have been supplemented by kinetic studies in single crystals
using hot-stage microscopy>’. By very careful experimentation, it has been possible to
obtain the rates of the reaction along different crystallographic directions b and c. The
combined results from these two types of studies lead to the conclusion that the diffusion
mechanism for the oxidation is governed mainly by structural considerations.

8. Topotactic conversion of aragonite to hydroxyapatite

In recent years increasing attempts are being made to produce prosthetic im.plants fr_om
porous natural bio-materials. Stringent specifications have to be met by bio-materials

Table IV

Crystaliographic data for valentinite, Sb;O; and
cervantite, Sb,0,>

____——-——-——'—_—_——-

Parameter Sb, 0, . Sb, 0, Relative
change
aA) 4.914 4.810 -2.1%
b(A) 12.468 11.76 -5.7%
¢(A) 5.421 5.436 +0.28%
V(A%) 332.1 307.5 ~7.4%
Space group Pcen Pc2in
L 4 4
e — = ___—_———-'——-’_—
+ = [

Xpansion, — = Contraction.
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ered for tooth or bone replacements. Porous solids have the advamage of
ids and of increasing the .chances of firm attachment 1

body tissues. Phosphatic material, which are porous, morgfamfhai;ld ;lt:rﬂ:, being formeq
at high temperatures and pressures, are good candlc!at_es ofr IC‘r ; t;m:)ng th? Most

ising starting materials are skeletal F:orals, consisting of calcium carbonate with tpe
EIE;ISite modification®®. Metal, ceramic or Qolymer replflcas haw:l been ‘l'nade..fr{}m
suitable corals. However, it has also been pqsmble to tll;aqs orm coral materials directly
into hydroxyapatite, Ca;0(POa)e (OH),, which forms the lgorgdamf: conl:ponent of bones
and teeth. It has been shown by Roy and coworkers that during the hydrothermg

reaction, e.g., with ammonium phosphate,

10 C3C03 + 6(NH4 )2 HPO4 + 2H20 —

being consid
allowing circulation of body flu

aragonite
Cﬂlo(P04 )6 (0H)2 + 6(NH4 )2 C03 . 3 4H2 C03

apatite
Scheme |l

the coral structure is preserved due to a topotactic reaction, which is controlled by a two-
dimensional structural relationship between the two compounds®.

In the experimental studies, single crystals of aragonite were treated hydrothermally
with phosphate solutions in sealed gold tubes at temperatures of 260—400°C and pressures of
ca 1 kbar’. At low temperatures the reaction was slow, taking 1-3 weeks. The products
were analysed by X-ray diffraction, optical and electron microscopy, IR spectroscopy,
etc. The apatite formed is not a single crystal, but consists of fibres.

The orthorhombic cell of aragonite can be converted into a pseudohexagonal cell of
double size, the basis of which is very similar to that of the apatite structure (Table V).
Cell parameter a of the pseudohexagonal cell (face diagonal of the orthorhombic cell) 1s
nearly the same as that of the hexagonal apatite; the pseudohexagonal angle is also very
close to 120°. The base areas (A*) are also nearly equal. A comparison not only of the
umit cells, but also of the crystal structures shows an approximate relationship. The
aragomte structure (fig. 8) can be described formally as consisting of calcium channels
which occur in the projection as six-membered rings. The COj triangles are situated in
these channels. In the apatite structure (fig. 9), we find at the corners of the projected
cell t_he same six-membered calcium rings, which contain hydroxyl i1ons. Compared 10
;he rings in the aragonite structure, however, these rings are rotated by 30°, thus creating
tZﬁZ&ZEbegfuzﬁﬁlfn the centre of the cell. The four-membered rings contain POs

' y the correspondence can be described by the formulae:

Aragonite: Cag(CO,), (CO;), = 8CaCO;;
Apﬂtite: Cam (P04 )6 (0H)2 :

There exist two more Ca 3

.. toms on t : . - eme I
two additional formula he trigonal axes of apatite. Therefore. in Sch

weights of CaCO;, ie., 10CaCOQ;, are needed. Additional
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Table V
Relationships of the unit cells of aragonite and apatite>

- smmey . e

Cell parameters Base
area

a(Ad)  bA) (A V) A*(AY)

Aragonite Orthorhombic, Pemn  7.961
(Alston Moore, 4.958  5.739 9% 39.5
England) Pseudo-hexagonal 9.378 — 5.739 117.0 79
- ‘ ) .0
Hydru!yapatltc chagonal, P63fm 9.423 — 6 882 120 76.9

(Synthesised from
aragonite of Alston

Moore + Ca(H,PO,),-H,0)

= e ——

support for the structural relationship comes from the experimental fact that in carbo-
nate apatites all OH ions and up to 25% of PO, tetrahedra can be replaced by CO
tnangles. ’

9. Photodimerization of 2-benzyl-5-benzilidenecyclopentanone and its p-bromo
derivative

The solid-state photodimerizations of 2-benzyl-5-benzilydenecyclopentanone (BBCP, 1)
and its p-bromo derivative, 2-benzyl-5-p-bromobenzylidenecyclopentanone (BpBrBCP, II)
(Scheme 1V), have been shown by Thomas and coworkers to be topotactic transforma-
tions*’. A crystal of I was mounted on a goniometer head and irradiated with UV radia-
tion (A > 320 nm); X-ray photographs were taken after 1.5, 4.5, 21.5 and 65.5 h of
irradiation. The dimerization was complete after 65.5 h. Both the monomer and dimer
are orthorhombic and the coincidence of the three axes of the dimer with those of the
monomer was established from oscillation and Weissenberg photographs. In the case of

OG; OCa =P

Fic. 9. Crystal structure of a
c. Heights are in fractions of 100 (rep

ref. 39 with permission).

patite projected along
nnted from

FlG. 8, Crystal structure of aragonite. Pseudohexa-
Eunal cell projected along c. Heights are in [rac-
ons of 100 (reprinted from ref. 39 with permission).
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I, X=H
X IV, X =8Br

Scheme IV

BpBrBCP (1), exposure to room daylight itself provided a suitably slow conversion rate
and yielded single crystals of the product. The cell parameters for the four compounds

are listed in Table VI.

Single crystals of the monomer were next irradiated, in situ. on an X-ray diffractometer.
Accurate cell dimensions were determined at the commencement of the experiment and
after each irradiation. The variation in cell parameters was thus monitored during the
course of the reaction®'. The variations were smooth and continuous for both BBCP and
BpBrBCP, suggesting that the transformation mechanisms are broadly similar.

Intensity data sets were collected for BBCP monomer (1) and dimer (I1I), BpBrBCP
monomer (II) and also for a crystal of BBCP at two intermediate points of conversion

Table VI
Crystal data for BBCP and BpBrBCP*

—_—

BBCP BpBrBCP

Monomer Dimer % change Monomer Dimer % change
:(:) 31.30 3132 006  34.25 3296 ~-3.77
; ((A ) 10.78 10.81 0.28 10.88 10.27 -5.61
V(A)s 8.69 863 -0.69 8.43 8.98 6.52

) 2932 2922 0.34 3141 3040 3.22
Space group Pbca
Pbca

- . . ;’bca | :’bca

e L L
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o} -}

Fii. 10. (a) The projection on ((01) of the BBCP monomer structure

on ¢ showing two molecules across a
of symmetry. (b) The projection on (1) of the BBCP dimer structure ( iy

reprinted from ref. 41 with permission).

(approximately 30 and 70% ) and the crystal structures solved*2. (The crystal structure of
BpBrBCP dimer (IV) 1s already known). In the case of the two monomers. I and II.
which are isomorphous, the principal packing modes are the same. the molecules form-
ing incipient dimer pairs across centres of symmetry (fig. 10a). The intermolecular
distances between double bonds in the centrosymmetrically related molecules, i.e.,
C(5)-C(13’), are 4.166 and 3.798 A and the ethylenic plane-to-plane distances, C(1)-
C(5)-C(4)-C(13)-C(14), are 3.80 and 3.60 A, respectively. Consequent upon UV
irradiation these pairs of molecules react topochemically to yield centrosymmetric
photodimers (fig. 10b). Thus the reaction is not only single crystal to single crystal, but
also topochemically controlled. As in the example in Section 7. the atomic shifts during
the reaction have been calculated. It is noteworthy that even though some of the atoms
shift by more than 1 A, the single crystallinity is not lost. The conversions are in a literal
sense diffusionless. In the case of the structures of the partly converted *mixed crystals’,
the R values are comparatively high, as to be expected. The results suggest that the inter-
mediate-phase crystals cannot be represented by a simple homogeneous solid solution
model. This study represents one of the few cases where, using the X-ray crystallo-
graphic technique, it was possible to view simultaneously the reactant and product mole-
cules as the chemical reaction proceeded.

10. Concluding remarks

Chemical reactivity studies have generally focussed on two states of matter. 1{;2' tht‘ir
solution and the gas phases, relying on the premise that reactions requ.lrehmo urti t?ll
molecules. A common view among chemists and even crystallographers is t fn a[~c[i¥)nal
's made up of frozen chemical entities, that can utmost undergo very small o [{Stell-life'
or hbrational motions. There are, however, a large num‘ber of . ase’ts w‘here tnllzlei:ﬂeq in
Picture does not apply. As seen in the examples cited in earlier fbgftlin:élution-nr gas-
highly condensed media can display a selectivity which is ummagnabic { e still regarded
Phase experiments. Perhaps the main reason why solid-state rcalct}oqz ?rtif\ring s
95 more or less chemical curiosities is the f:xpt‘:rimental dtffu::ult?r In ::kt:rt: s anibof
tTystals. However, with a deeper understanding SR RO pt?emi'i%ry. It is in this
ti“Pt‘.wf:hr:mi:ﬂ‘.try.. such reactions can be recognised and ?Nplmwd m cle |

COntext that X-ray crystallograph}' assSumes a4 very ImPnrtunt role.
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This review is not primarily intended for the spcciialist ir; solid-slate' chemi_stry, but
. ther for the practising chemist and X-ray crystallographer. ts purpose s to bring hope
< of scientists, thc vast p()tentlal‘ of X-ray 5truc-ture.ana]y51s for under.
to h:;'t: ift‘;‘;ﬁc 'molecular motions, phase transitions and reactions in the crystal, rathe,
;jlt]aal:x Imiwe:ly being a tool for clucidating molecular geometry.
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